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Abstract: A correlation between the magnetic properties and the crystal structure of the nitronyl nitroxide
(NN) radical 2-(6-ethynyl-2-pyridyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (6=ZPyNN, 1) and

its imino nitroxide analogue 2-(6-ethynyl-2-pyridyl)-4,4,5,5-tetramethylimidazoline-1-oxyl (&8RyIN, 2)

has been shown. Magnetic susceptibility measurements on these compounds are indicative of ferromagnetic
interactions between molecular units. The imino nitroXde an organic ferromagnet with critical temperature

Tc = 0.19 K, whereadl behaves as an antiferromagnet ordering at thel KemperatureTy = 0.54 K.
Compoundsl and2 are isostructural and crystallize in tR2:/n space group. Their crystal packings are best
described as chains of molecules linked CH---O hydrogen bonds running along thed[l] direction. A
comparative analysis of the structures and magnetic properties of both compounds suggests that the coupling
between the molecular units along the chain is ferromagnetic. Thus, the magnetic susceptibilitaesl@f

have been interpreted in terms of isotropic ferromagnetic Heisenberg linear chads @f2 spins. Weak

values of the coupling constants<€ +0.90 K for1, J= +0.67 K for2) have been obtained. The spin density
distribution of radicall has been determined by a polarized neutron diffraction experiment to gain more insight
into the mechanism of transmission of magnetic interactions. As in other NN radicals, the spin density is
concentrated in the two nitroxide groups and a small negative population is observed in the central carbon
atom of the -N—C—N—0O fragment. However, two striking differences with respect to other nitroxides so
far studied have been detected. First, the spin density is not equally shared between theQwonidtions.

The oxygen atom O1, which participates in the formation of the hydrogen bond, is less populated than the
“free” oxygen, O2. Ab initio spin density calculations clearly show that this effect is correlated to the presence
of C=CH---O hydrogen bonds in the crystal. Second, a positive spin density has been detected in the ethynylic
hydrogen atom, H16. These two features indicate a spin density transfer from one nitroxide group to the
alkyne function of the neighboring molecule.

Introduction researchers in this field paid attention for the first time to Ullman

¢ et al.’s nitronyl nitroxide (NN) free radicalsowing to their
bidentate character. Coordination of these weakly basic entities
to acidic metal centers (e.g., hexafluoroacetylacetonates) led to
the formation of ferro- and ferrimagnetic metahdical alternat-
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Molecular magnetism is a rapidly developing field tha
combines the skills of experimental and theoretical scientists
in many areas of chemist®? It was in the late 1980’s that
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NN radicals regained new interest after the discovery of challenge for chemists is then to assemble the spin carriers in
ferromagnetism at a critical temperatufe = 0.6 K in the a crystal lattice in such a way that ferromagnetic interactions
B-phase of theg-nitrophenyl) derivative £-pNPNN)1! Since are effective. Recently, much progress has been made in the

then, ferromagnetic order has been observed in other nitroxidedevelopment of synthetic methods for the rational design of
compoundg?~17 the highest critical temperature known to date molecular crystald3?* These methods (referred asystal
corresponding to a diazaadamantane dinitro®idéc = 1.48 engineering toolsrely on the presence of hydrogen bonasy
K). Magnetic ordering in these compounds is driven by the stacking, or strong dipolar interactions. Examples of purely
existence of intermolecular interactions. The mechanisms organic ferromagnets engineered by means of hydrogen bonding
providing their basis are a subject of controversy. Two proposals are known in the literaturk. It seems that hydrogen bonds play
introduced by McConnell are being generally invoked to ascribe a major role in the propagation of magnetic interactions in these
magnetic interactions to a particular intermolecular corth#t. systemg? Terminal alkyne functions are also known to favor
The first one (McConnell’s | mechanism) is based ongpim- hydrogen bonding in crysté®&?” and we may anticipate that
polarization effecand establishes that ferromagnetic (antifer- C=CH:--O bonds will offer a particularly effective pathway
romagnetic) coupling is mediated by the presence of intermo- for conduction of magnetic interactions.
lecular contacts between atoms carrying spin densities of However, the prediction of the whole crystal packing from
opposite (equal) sign. The second one (McConnell’s Il mech- the molecular structure of compounds is not a trivial #89Kso,
anism) involves mixing with intermolecular charge-transfer and despite all the efforts devoted to the synthesis and the study
excited states. Within this frame, antiferromagnetic coupling is of the solid-state properties of NN radicals, it is still not obvious
explained in terms of SOMOGSOMO contacts between neigh-  to ascribe their magnetic behavior to a particular structural
boring molecules, whereas SOM@west unoccupied molec-  pattern. In this context, it is necessary to keep in mind the recent
ular orbital (LUMO) or SOMG-next highest doubly occupied  report from Novoa and co-workers, who clearly showed that it
molecular orbital (NHOMO) contacts induce ferromagnetic is not possible to correlate the magnetic properties of a NN
interactions. An alternative and elegant view of magnetic radical to the relative spatial arrangement of nitroxide moieties
exchange in these systems relies on simple molecular orbitalpelonging to neighboring moleculés.
(MO) considerations: _ It is clear that further work aimed at the correlation between
MO theoretical studies also revealed that the propagation of g¢;cture and magnetism should be done. We think that the
magnetic coupling from one molecule to another strongly gy stematic search and study of structurally similar compounds
depends on their mutual orientation and distaticBhe main  ghq\ing disparate magnetic behavior may be a rational approach
(6) Luneau, D.; Risoan, G.; Rey, P.; Grand, A.; Caneschi, A.; Gatteschi, for this purpose. In fact, magnetostructural correlations in

D.; Laugier, J.Inorg. Chem.1993 32 5616. inorganic systems began in this way. In preliminary com-

50é77)_ Luneau, D.; Romero, F. M.; Ziessel, IRorg. Chem1998 37, 5078~ munication$®3°we have explained the magnetic behaviors of
(8) Fegy, K.; Luneau, D.; Ohm, T.; Paulsen, C.; ReyARgew. Chem., ~ compounds 2-(6-ethynyl-2-pyridyl)-4,4,5,5-tetramethylimida-

Int. Ed. Engl.1998 37, 1270. zoline-1-oxyl-3-oxide (6-H&CPyNN, 1) and 2-(6-ethynyl-2-
(9) Fegy, K.; Sanz, N.; Luneau, D.; Belorizky, E.; Rey/forg. Chem. pyridyl)-4,4,5,5-tetramethylimidazoline-1-oxyl (6-H€CPy-

199§ 37, 4518-4523. - . . .
(10) Fegy, K.; Luneau, D.; Belorizky, E.; Novak, M.: Tholence, J.-L.; IN. 2) on the basis of ferromagnetic chains built by weak

Paulsen, C.; Ohm, T.; Rey, org. Chem.1998 37, 4524. C=CH---O bonds. We report now a comparative analysis of
(11) Kinoshita, M.; Turek, P.; Tamura, M.; Nozawa, K.; Shiomi, D.;  pboth radicals showing that these hydrogen bonds are of the

Nakazawa, Y.; Ishikawa, M.; Takahashi, M.; Awaga, K.; Inabe, T : o . )
Maruyama, Y.Chem. Lett1991, 1225, utmost importance for the transmission of ferromagnetic interac

(12) Sugawara, T.; Matsushita, M. M.; Izuoka, A.; Wada, N.; Takeda, lions in these systems. Strong evidence for this is supported by
N.; Ishikawa, M.J. Chem. Soc., Chem. Commui894 1723. a full magnetostructural correlation including magnetic measure-

(13) Nogami, T.; Ishida, T.; Tsuboi, H.; Yoshikawa, H.; Yamamoto, H.; ; ; ;
vasui. M.. lwasaki. F.: lwamura, H.. Takeda, N. Ishikawa, Ghem. Lett. ments at very low temperatures, polarized neutron diffraction

1995 635. studies, and ab initio spin density calculations.
(14) Cirujeda, J.; Mas, M.; Molins, E.; Lanfranc de Panthou, F.; Laugier,
J.; Park, G. P.; Paulsen, C.; Rey, P.; Rovira, C.; Vecianh,Jhem. Soc., (22) Yamaguchi, K.; Okumura, M.; Maki, J.; Noro, T.; Namimoto, H.;
Chem. Commuril995 709. Nakano, M.; Fueno, T.; Nakasuji, kChem. Phys. Lettl992 190, 353.
(15) Caneschi, A.; Ferraro, F.; Gatteschi, D.; Le Lirzin, A.; Novak, M. (23) Desiraju, G. RAngew. Chem., Int. Ed. Engl995 34, 2311.
A.; Rentschler, E.; Sessoli, Rdv. Mater. 1995 7, 476. (24) Desiraju, G. RChem. Commuril997, 1475.
(16) Romero, F. M.; Ziessel, R.; Drillon, M.; Tholence, J.-L.; Paulsen, (25) Cirujeda, J.; Hermalez-GasipE.; Rovira, C.; Stanger, J.-L.; Turek,
C.; Kyritsakas, N.; Fischer, Adv. Mater. 1996 8, 826. P.; Veciana, JJ. Mater. Chem1995 5, 243.
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Figure 1. ORTEP views of compound (a) and2 (b), showing the
numbering of the atoms.

Experimental Section

Materials. Compoundd and2 were synthesized from commercially \ L Ol  Hl6
available 2,6-dibromopyridine as previously described.3 was : ®---O
prepared by treatment of 2-(6-trimethylsilylethynyl-2-pyridyl)-4,4,5,5- 2104
tetramethylimidazolidine-1-oxyl-3-oxide) with potassium fluoride in Figure 2. Projection of the crystal structures of compourdds) and
MeOD. The characterization & revealed the presence of a small 2 (b) onto theac plane.
amount of undeuterated material. EI-MS (Da/e): 258 (21%), 259

(100%), 260 (19%), IR (cm): 3228.0 (CC-H), 2552.1 (CC-D), space group. Figure 1 shows their Oak Ridge thermal ellipsoid
1958.3 (G=CD). plot (ORTEP) views together with the atom numbering.
Methods. IR spectra of CDGJ solutions of compound&—4 were 6-HC=CPyNN (1). A projection of the room-temperature
recorded in a IFS-25 Bruker spectrometer using KBr cells. Solid crystal structure onto thac plane is shown in Figure 2a. The
samples were measured on KBr pellets. shortest contact between adjacent molecules {HOA

Magnetic MeasurementsThe low-temperature magnetic properties  (x — 1/2, 1/2 — y, 1/2 + 2): 2.21 A] corresponds to a weak
were measured using a low-temperattinggh field SQUID magne- C=C—H---O hydrogen bond so that the packing is best viewed
tometer developed at the CRTBT-CNRS in Grenoble. The magnetom- as chains of radicals running along th_GEJI_]. direction. These
eter is equipped with an 8T superconducting magnet and-ahield chains are linked by short connections between proximate
for field stabilization. Samples are attached to a copper coil foil sample | | | th iS [NTo-H2 (—1 + S 270 A
holder, which in turn is thermally anchored to the bottom of a miniature molecules along @ axis [ ( X, ¥, 2). 2. . ]
dilution refrigerator that can operate at temperatures down to 0.05 K. A Perpendicular view to the hydrogen-bonded system is shown
The samples can be extracted through the superconducting gradiometel? Figure 3a together V}”th.the unit cell. ”.ShOWS th? spatla[
of the SQUID, thus giving absolute values of the magnetization at very arrangement of the chains in a zigzag fashion. Short interchain
low temperature. At low field values the magnetic field was measured distances involving the other nitroxyl oxygen O2 and a proton
directly with a calibrated hall probe to eliminate the small apparent |ocated in the pyridine ring [H2-O2 (1 — x, =y, 2— 2): 2.44
hysteresis due to the superconducting coil. This is especially important A] are now evidenced. The shortest-@ distance [0%:+02
for compound?, which undergoes a ferromagnetic phase transition (see (U2 — x, U2 +y, 3/2 — 2)] is 4.32 A. The two N-O bond
below). . . ) distances are not equivalent: that corresponding to th©N

Polarized Neutron Diffraction. The experiment was performed on function involved in the formation of the hydrogen-bonded
the DN2 polarized neutron diffractometer at SILOE reactor (Grenoble, S - )

chains is larger [N201: 1.284 A] than the other [N302:

France). The neutron’s wavelength was 1.205 A. A crystal with . -
dimensions 5x 1.7 x 1.5 mn? was selected. In a first step, it was 1.269 A]' The angle between the conjugated plane containing

mounted with thea* axis parallel to the applied H= 8T magnetic the unpaired _electron [O'lN_Z_CS_N3_02] and the pyridine
field of a cryomagnet. In a second step, the crystal was mounted with mean plane is 4726 The dihedral angle between the-Q—
the [011] direction parallel to the field. During all the measurements C—N-—O planes belonging to proximate radicals is 97.6

the sample was maintained at a temperafire 4.75 K. Altogether The analysis of unpolarized neutron diffraction at low
196 independent flipping ratios were collected up to9sin= 0.55 temperature shows the same crystal symmetry and similar values
AL of the cell parameter®. The plane of the pyridine fragment is

twisted with respect to the ©N—C—N—O plane by an angle

of 45.5° around the C8C5 bond. The hydrogen-bond length
Crystal Structures. The room-temperature crystalline struc- [H16+:01 (x — 1/2, 1/2 — y, 1/2 + 2)] is 2.14 A.

tures of compound& and?2 are known from X-ray analysi¥. 6-HC=CPyIN (2). Compoundsl and 2 are isostructural.

The two radicals are isostructural and crystallize in B2g/n Figure 2b shows a projection of the crystal structur@ ohto

Results
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Figure 3. Projection of the crystal structures of compouidds) and -~ -
2 (b) onto thebc plane. % [
the ac plane. No remarkable differences with respect tare 0.5 i
observed in this view. The hydroge_n bond [_H-l@l x—1/2 - “H parallel
1/2 —y, 1/2 + 2): 2.10 A] and the interchain distances along [
theaaxis [N1:--H2 (-1 + x, y, 2): 2.65 A] are slightly shorter. 0 S S S [ SO S S SO
A view perpendicular to théc plane (Figure 3b) reveals that 0 0.5 1 1.5
the shortest interchain contact involving the radical imine T(K)

function is larger [N3-*H3 (2 — x, —y, 1 — 2): 3.03 A] than Figure 5. Two M/H versusT curves for a single crystal of compound
the shortest interchain distance forAt least from a structural 1 with the a-axis oriented parallel and perpendicular to the magnetic
point of view, compound2 has a more pronounced low- field H =95 Oe.

dimensional character. The dihedral angle between the-[O1
N2—C8—N3] and the pyridine mean planes is 48.9he
dihedral angle between the N—C—N planes belonging ; )
to proximate radicals is 87°0 +0.49 K) in the 8-0.9 K temperature range. Below this

Magnetic Properties. 6-HG=CPYNN (1). Preliminary mag- temperature J/is nonlinear and shows a critical pointa{ =
netic measurements were performed between 1.8 and 300 K.O'54 K. This behavior is characteristic of dominant ferromag-

At room temperature the product of molar magnetic susceptibil- nefic coupling bgtween aQJacent molecules to which a very weak
ity with temperature T) equals 0.370 emi-mol-%, close to antiferromagnetic term is superimposed. Indeed, the thermal

the calculated value for uncorrelate: 1/2 spins. In the whole ~ Variation of T in the paramagnetic region fits correctly an
temperature range thgT product increases smoothly with Isotropic one—dlm(.ansmn.al ferromqgnetlc mc?égl\nth J = .
decreasing temperature, indicating the presence of ferromagnetict 0-99 K. The maximum is then attributed to antiferromagnetic
interactions. In fact, the field dependence of the magnetization °'d€ring. This is confirmed by the evolution &4/H as a
(M) at 1.8 K deviates upward from the Brillouin function fer  function of T (Figure 5) for a single crystal in a small applied
= 1/2. The magnetization curve is best fitted with an effective f'el,d of 95 Oe. The sample was f',rSt measured alongtheis,
spin S = 2, indicating a spirspin correlation length of four Whlch corresponds tq the long axis of the needle-shaped crystal.
molecules along the chain at this temperature. Keeping the same field, the sample was rotated by &

In the very low temperatures region (Figureid)increases ~ 'emeasured. The peak M/H corresponds to an antiferromag-
also with decreasing temperature until a sharp maximum is netic phase transition at the’dletemperaturely = 0.54 K,

reached at 0.61 K, whenel = 1.014 emeK-mol-L. Then,, T and with the easy axis along the crystahxis direction. This
' ' i i ' is further supported (Figure 6) by th&versusH measurements

(31) Crystal data (unpolarized neutron diffractidiz= 6.5 K) for 1: a performed afl = 0.075 K, well below the transition temperature.

(A) = 6.283(15)b (A) = 11.811(30)c (A) = 17.526(43)3 (deg)= 93.72- : : .

(11). Atomic coordinates and anisotropic thermal parameters have beenWlth H para.IIeI to thga—aXIS, a rather sharp.\'f,pln-fllop type
refined, from room-temperature values, using the ORXFLS program (see: Metamagnetic transition can be seen at a critical field of 150
Busing, W. R.; Martin, K. G.; Levy, H. A. Report O. R. N. L. 5387; Oak Qe.

Ridge National Laboratory: Oak Ridge, TN, 1991). The resulting conven-
tional weightingR factor is 0.0604 for 3847 observed reflections (1645 (32) Baker, G. A.; Rushbrooke, G. S.; Gilbert, H.Fhys. Re. A. 1964
independent) and 316 parameters. 135 1272.

decreases steadily &gends to zero. The reciprocal susceptibil-
ity (1/x) (inset, Figure 4) follows a CurieWeiss law (0 =
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Figure 7. Temperature dependence of the reciprocal susceptibility for . L . .
2. Inset shows the saturation of the applied susceptibility measured in Mean-field approximatics) related tazj' = +0.054 K slightly
an ac field of 0.7 Oe and at a frequency of 2 Hz. improves the fit to data. A good agreement between model and

experience is obtained above 0.4 K. Below this temperaflire
is field-dependent owing to the proximity of the ferromagnetic
region.

Plots ofM versus the applied fieltl are shown in Figure 9
at 1.8 K deviates upward from the Brillouin curve wisly = for temperatures nea_Trc. I—_|ysteresis measurements were also
32 made, but.nq coercive field or remanant moment could be

detected within the errors of the magnetometde < 1 Oe).

Susceptibility measurements were made at very low temper- The initial slope ofM versusH for T < Tc saturates to N.
atures on a 11f1g single crystal using a small alternating current  The spontaneous magnetization is roughly the deviation from
(ac) field of 0.7 Oe at a frequency of 2 Hz. A small direct current  this slope at higher field. Scaling plots (see Supporting Informa-
(dc) field was also applied to compensate for the earth’s field. tion) of the magnetization data give values for the critical
The inverse of the applied susceptibility; Hecreases continu-  exponentsy =1.28 & 0.02 andB = 0.414 0.03 for aT¢ =
ously upon cooling (Figure 7) and shows a divergence at ca.0.184 K + 0.005. These exponents are reasonable for a
0.19 K. The insert of Figure 7 shows the very large value of ferromagnetic phase transition. However, they are closer to what
the applied susceptibility, in emu/cnd indicating a ferromag- ~ one would expect for an Ising ferromagnet, as opposed to an
netic phase transition (for comparison with the previous figures, isotropic Heisenberg system. A scaling plot of the intrinsic
the applied susceptibility obtains a value of approximately 370 susceptibility (see Supporting Information) has also been
emu/mol at 0.189 K compared to 1.9 emu/mol for compoind ~ Performed over a wide range of temperatures in the critical
at the peak). This can been seen in the figure as the saturatiod€gion. Similar values of the critical exponents € 1.27 +
of the applied susceptibility to 1/N (the demagnetization 0-02 andTc = 0.189 K+ 0.001) are obtained.

6-HC=CPYyIN (2). As for 1, preliminary magnetic measure-
ments in the 1.8300 K temperature range revealed a global
ferromagnetic behavior. Again, tt versusH curve measured

coefficientN for this long needle-shaped sample is 04558.03, 6-DC=CPyNN (3).Itis interesting to compare the magnetic
whereSN; = 4 in cgs units). The thermal variation g in properties of this compound with its nondeuterated analogue
the 0.01-5 K temperature range (Figure 8) has been fitted to a (1)- In the high-temperature limit both compounds exhibit the
ferromagnetic isotropic linear chain 8f= 1/2 spins with] = (33) Hatfield, W. E.; Weller, R. R.; Hall, J. Wnorg. Chem198Q 19,

+0.67 K. A very weak interchain interaction (based on the 3825.
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25 Table 1. Ab Initio Atomic Spin Populations irL
- deuterated compound 3 -
atoms populationgg)
s [ FC 4~ o1 0.270
I N2 0.212
s [ cs —0.086
Eis5 N3 0.230
g - 02 0.312
o [ H16 0.000
T 4L c7 0.001
s C6 0.001
i c1 —0.003
- compound 1 c2 —0.005
05 [ p c3 0.004
[ C4 —0.003
0-...14*.1...1...1.J._1 C5 0.014
N1 —0.006
0 0.2 0.4 0.6 0.8 1 co 0.002
T(K) c10 0.008
Figure 10. Temperature dependencelfH for compoundL and its Cl1 0.019
deuterated analogu@ C12 0.007
C13 0.007
same behavior. Below 1 K, however, clear differences are Cl4 0.020
observed. The twd/H versusT curves shown in Figure 10 N _ _ _ _
are for a single crystal of compoundneasured along theaxis Table 2. Ab Initio Atomic Spin Populations Found in
and for a powder sample of the deuterated compound. For thes€?_N—C—N—O Fragments oA, B, and1
measurements, both samples were placed on the copper sample atoms casé caseB 6-HC=CPyNN
holder, one above the other about 10 cm apart, and measured o1 0.269 0.295 0.270
at the same time in a field of 35 Oe. To make sure that thermal N2 0.212 0.211 0.212
gradients along the sample holder were negligible the experiment ~ C8 —0.086 —0.078 —0.086
was then repeated, but with the positions of the samples N3 0.230 0.231 0.230
02 0.313 0.288 0.312

reversed. The results were identical, and an unambiguous
difference of approximately 0.05 K is observed between the
two peaks. The maximumrg = +0.49 K) in theM/H versus  implemented in the program DGAUSSThis program uses
T curve for 3, associated with antiferromagnetic ordering, is Gaussian basis sets. The calculations were done with local spin-
shifted toward lower temperatures as compared Wiffin = density-optimized basis sets at the T2% level.
_+0.54 K). Consequgntly the zero field cooledl(Z_FC)_ susceptibil- 6-HC=CPyNN (1). The individual spin populations of H16,
ity value at the maximumy(= 2.161 ememol™) is hlgher_for O, N, and C atoms are listed in Table 1. The main part of the
the deuterated compound. Note also that there is a dlfferencespin density is carried by the ©N2—C8-N3—02 fragment
between the ZFC and the field cooled (FC) curves for the of the nitroxide ring, as previously described for this class of
T are not well understood. ) ] . carries a negative spin density-Q.086 ug) that corresponds

Above Ty, the T product for radicaB fits approximately a  youghly to one-third of the average of the spin populations of
one-dimensional isotropic model with an exchange coupling the 01, N2, N3, and 02 atoms. In addition, a weak spin
parameted = +1.21 K, to be compared with the value found  ge|ocalization is obtained on the pyridine ring and on the carbon
for 1 (J=+0.90 K). ) ) . atoms of the acetylenic group: C6, 0.0@4; C7, 0.001ug. No

Ab Initio Spin Density Calculations. It is well recognized spin density is localized on the H16 hydrogen atom.
that the knowledge_ of the _spin_density_is a cr_ucial point to  he principal feature emerging from these results is the
understand magnetic coup_llngs in .mat(.arlalls. Thls promptgd USexistence of some asymmetry, in terms of spin populations,
to calculate theoretical spin density distributions on radicals ponveen 01 (0.270s) and 02 (0.312s) oxygen atoms. This
6-HC=CPyNN (1) and 6-HG=CPyIN (2). In this section we  5qymmetry can be attributed either to the relative position of
present the results of ab initio calculations for both compounds, 1,4 ethynyl group or to the position of the nitrogen atom, N1
asisolated moleculesn the geometry determined experimen- o, the pyridine ring. To elucidate this point, we have performed
tally in the crystals (fofd: unpolarized neutron diffraction at the same ab initio spin density calculations for two ex#a (

= 6.5 K; for2: X-ray diffraction at room temperature). and B) model molecules. First, the position of the ethynyl
'_I'wo types of ab initio methods are currently used to calculate ¢,-tion was changed. In molecutethe ethynyl group is now
spin densities of molecular compounds: (a) The Hartieack bonded to the C2 carbon atom instead of C1. The spin

approache$} and (b) those based on density functional theory . 1ations of 01, N2, C8, N3, and O2 atoms are listed in Table
(DFT) .35 Zheludev et af® have shown that the results obtained 5 together with the (,:orre,spo,nding data forNo changes in

by density functional calculations are more realistic and very tﬁe spin population values of the ©N2—C8—N3—02 frag-
stable with respect to the choice of basis and functional. We .ot are observed. In molecue the positions of C4 and N1

have then performed calculations with the DFT method as ;.0 permuted versus compouhdThe calculated spin popula-

(34) Shawitt, 1. Methods of Configuration Interaction. Modern tions of O1, N2, C8, N3, and O2 atoms are also displayed in
Theoretical ChemistryShaefer, H. F., lll, Ed.; Plemum Press: New York,
1977; Vol 3, p 189. (37) DGAUSS UniChem4, Cray Research Inc., Cray Research Park, 655

(35) Kohn, W.; Sham, L. JPhys. Re. 1965 140, A1133. Lone Oak Dr., Eogan, MN.

(36) Zheludev, A.; Barone, V.; Bonnet, M.; Delley, B.; Grand, A.; _ (38) Zheludev, A.; Bonnet, M.; Delley, M.; Grand, A.; Luneau, D;
Ressouche, E.; Rey, P.; Subra, R.; Schweizet, Am. Chem. S0d.994 Orstrom, L.; Ressouche, E.; Rey, P.; Schweitzed. Magn. Magn. Mater.

116 2019. 1995 145 293.
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Table 3. Ab Initio Atomic Spin Populations ir2
atoms populationgg)
o1 0.403
N2 0.315
Cc8 —0.102
N3 0.277
H16 0.000
Cc7 0.000
C6 0.000
C1 —0.002
Cc2 —0.003
C3 0.001
C4 0.009
C5 0.013
N1 —0.004
C9 0.008
C10 0.023
C11 0.034
C12 0.015
C13 0.006 ' ' — '
Cl4 0.015 Figure 11. Projection of the MaxEnt reconstructed spin density onto

the nitroxide O-N—C—N—0O mean plane.

Table 2. The asymmetry between O1 and O2 spin densities is(nyclear structure factor) are real quantities, the expression for
now reversed as compared 1o the spin population on O1  Ris then given by:

(0.295ug) becomes slightly higher than that calculated for O2
(0.288ug). These calculations at the molecular level show that
the spin density is unequally distributed between the two oxygen
atoms of compound. It is clear that for the isolated molecule
this asymmetry results from the relative position of the nitrogen
atom N1 on the pyridine cycle.

It FX A+ sin’ o Fg + 2sirf o FyFy,
R(hk) = == ——— . _ 1)
I' FX+si o Fgy — 2 sirf o FyFy,

wherea is the angle between the scattering vectakl)(and

the vertical axis. Then, if the crystal structure is well known,
the Fy are known quantities and the magnetic structure factors
can be directly extracted from eq 1.

H
FZ

+
N

H
Il "
l A | A
ool s v U,
O N° ot O O\

The magnetic structure factofs, deduced from the flipping
ratios, are the Fourier components of the spin dei®ify There
are several methods to reconstruct the distribuioh The first
one, the maximum entropy method (MEM), is a model-
independent approach in the sense that the distribution is
reconstructed without any assumption on its nature. It is based

on the theory of information and the Bayesian probabilitfes,
and has been previously extended to interpret polarized neutron
diffraction data®® This technique selects among all the maps
6-HC=CPyIN (2). The individual spin populations of H16,  consistent with the data the most probable one, that is, the one
C, N, and O atoms are listed in Table 3. As already found for that maximizes the Boltzmann entropy:
this type of compound, most of the spin density is concentrated
on the N3-C8—N2—01 fragment, with a negative density on entropy(f)] = — f oo XT)IN (S(F))d°F 2
the bridging sp carbon atom, C8-0.102 ug). The main unit ce
observation to be pointed out, when comparing with the NN \here 5(F) is the spin density normalized to 1 over all the
analogue, is the fact that the spin density is not equally sharedmglecule.
between the oxygen and nitrogen atoms of the nitroxide function. | practice one maximizes the functional eq 2 calculated for
It appears to be displaced toward the O1 oxygen atom (N3: 3 three-dimensional spin density map under the constraints
0.277 ug; N2: 0.315us; O1: 0.403us). Besides this, as in 2 < 1 This method is known to give much better results than
compoundl, delocalization of the unpaired electron on the the conventional Fourier inversion series, which is the traditional
pyridine fragment is weak. The spin population calculated for model-independent method of reconstruction.
the C6-C7—H16 ethynyl group is exactly zero. Figures 11 and 12 show the projection of the MEM
Polarized Neutron Diffraction. We have checked the  yreconstructed spin density onto the molecular plaréNd-C—
validity of the above calculations by measuring experimentally N—Q and onto the pyridine ring. As for other NN radicals, most
the spin density on a single crystal of one of the two species, of the density is located on the two nitrogen and the two oxygen
namely the compound 6-HECPYNN, by polarized neutron  atoms of the @ N—C—N—0 group. Almost no spin density
diffraction. Such studies on paramagnetic single crystals aregas detected on the pyridine ring, whereas the acetylenic
possible by inducing a magnetization density by means of a hydrogen H16 was found to carry a noticeable contribution.
strong vertical magnetic field at low temperature. In practiceé A alternative approach to process the polarized neutron data
one measures the so-calktigping ratios Rof Bragg reflections, s to design a parametrized model of the spin density distribution
that is, for eactnkl reflection, the ratio of scattered intensities — : :
for up (parallel to the applied field) and down (antiparallel) (Iﬁ?}zarss'g”'g%dén?gg n?mf : gﬂ?‘f"ggfg;fo\?\)’_ a{‘_‘? '3’?‘_%’3;'(‘;’}5?;'\";;?33:5
polarizations of the incident beam. If the crystal structure is porgrecht, The Netherlands, 1995.
centrosymmetric, botlry (magnetic structure factor) arfel (40) Papoular, R. J.; Gillon, BEEurophys. Lett199Q 13, 429.
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Figure 12. Projection of the MaxEnt reconstructed spin density onto
the pyridine ring.

Table 4. Experimental Atomic Spin Populations it

atoms populationgug) populations )
o1 0.188 (10) 0.203 (10)
N2 0.225 (12) 0.242 (12) -
Cc8 —0.066 (11) —0.071 (11) i
N3 0.209 (11) 0.225 (12)
02 0.258 (7) 0.278 (7) L
H16 0.042 (9) 0.045 (10)
c7 —0.007 (14) —0.007 (15) i
C6 0.028 (13) 0.030 (14) -
C1 —0.023 (17) —0.025 (18)
Cc2 0.007 (15) 0.007 (16) T
C3 0.012 (12) 0.013 (13) L
C4 —0.007 (12) —0.007 (13)
C5 0.002 (15) 0.002 (16) -
N1 —0.011 (12) —0.012 (13) .
Cc9 —0.040 (10) —0.043 (11)
C10 —0.004 (10) —0.004 (11)
Ci11 0.049 (8) 0.053 (9) ¥
C12 0.019 (8) 0.020 (9)
C13 0.019 (9) 0.020 (10) i
Ci14 0.028 (7) 0.030 (7) L
sum 0.928 (11) 1.000 (12)
Ve 1.48 i

a2The second column shows the normalized values.

and to refine the parameters that best fit the experimental |
magnetic structure factofs,. This method allows the detection
of very small contributions to the spin density. Nevertheless its
adequacy relies on the ability of the model to describe the
distribution that has to be restored. We have used here a |
magnetic wave function modél.In this framework the spin
density §(r) is modeled as:

() =) SW(MNWI(T) ®) -

where the atomic wave functiond;CJare constructed from the -
standard atomic Slater orbitals at each atomicisiéad where L
the spin population§ may be positive or negative, which means

that the spin density may be parallel to the applied fields on
certain atoms and antiparallel to this field on others. The
individual atomic spin population§ as well as the radial L
exponents of the Slater wave functions for each atomic orbital

are the parameters of the model that are refined to fit the
experimental results.

For the 6-HGCPyNN crystal, the refinement of the wave Figure 13. Projection onto the nitroxide ©N—C—N—O mean plane
function model gave a good agreement with the data, with an of the high-level (up) and Io_w-level (d'own) contours of the spin density
agreement factop? = 1.48. The resulting spin populations of as analyzed by wave function modeling. Negative contours are dashed.
p orbitals for N, C, and O atoms, and s orbital for H16, are
presented in Table 4. The sum of the spin populations over the

whole molecule is 0.928(11)g, to be compared with a

magnetization of 0.992g, measured at 1.8 K under an applied
(41) Gillon, B.; Schweitzer, J. InStudy of Chemical Bonding in ; i i i i

Molecules: The Interest of Polarized Neutron Diffraction, Molecules in flheld 0f|8T. lThe Splrll po(f.u'altlon(?.no_ltmkjhzderd;.o umt{éorha"

Physics, Chemistry and BiologWMaruani, J., Ed.; Kluvwer Academic the molecule, are also displayed In Table 4. Figure shows

Publishers: Dordrecht, The Netherlands. the contours for the spin density projected onto theN>-C—
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02 0.258 (9) ug
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Figure 14. (a) Three-dimensional view of the spin density recon-
structed for radical 1 from data obtained by polarized neutrons; (b)
projection onto a plane perpendicular to the nitroxideNO-C—N—-O

mean plane of the contours of the spin density as analyzed by wave

function modeling. Negative contours are dashed.

N—O fragment. A projection onto a plane perpendicular to the
O—N—C—N-0 plane is represented in Figure 14. The resulting
values of the radial exponenisare the following: ¢ (O) [initial
value: 2.25; refined: 2.03 (3)]¢ (N) [initial value: 1.95;
refined: 1.99 (4)];¢ (C) (not refined: 1.72);¢ (H) (not
refined: 1.25).

In accordance with the MEM results, the strongest spin
populations are carried by the-DI—C—N—0O fragment. As
in other NN radical$® but not detected here in the MEM maps,
the bridging spcarbon carries a negative spin densit9(07 L)
that is in a (-1/3) ratio with respect to the average of the spin
populations of O1, N2, N3, and O2. The corresponding
normalized values for these atoms are, respectively,
0.225, and 0.278. It is worthy to note that the two oxygen atoms
are not equivalent: a transfer occurs from O1 (0.2gBto O2
(0.278ug). This particular feature of our system is in contrast
to the situation found in other NN isolated radic&gut similar
to radicals in interactiof? Besides this, a significant contribution
is found on H16 (0.045:B), much higher than on the other
atoms (except the ©N—C—N—0O fragment).

From the Molecule to the Crystal. In the preceding section

we have presented the experimental spin density determination,

of radicall. The main features of these results are the asymmetr ; A
y ﬁcompound, although no evidence for this is inferred from the

between O1 and O2 oxygen atoms and the spin density foun

(42) Pontillon, Y.; Akita, T.; Grand, A.; Kobayashi, K.; Lélie=-Berna,
E.; Peaut, J.; Ressouche, E.; Schweizer)J.JAm. Chem. Sod.999 21,
10126.

Romero et al.

Table 5. Ab Initio Atomic Spin Populations Found in the
O—N—-C—N-—0 Fragment of Radic&l?

isolated  two molec.

atoms molec. connected crystal experimental
o1 0.270 0.243 0.239 0.203 (10)
N2 0.212 0.224 0.188 0.242 (12)
C8 —0.086 —0.084 —0.075 —0.071 (11)
N3 0.230 0.230 0.212 0.225 (12)
02 0.312 0.318 0.312 0.278 (7)
H16 0.000 0.002 0.004 0.045 (10)

a Columns refer to calculations made on isolated molecules, on two
molecules linked by a hydrogen bond, and on the whole crystal.
Experimental values are shown for comparison.

on the ethynylic hydrogen H16. At this stage, it would be
interesting to confirm if these two points are a sign of the active
role played by the hydrogen bond ©H16 in the intrachain
coupling. To do that, we have determined the evolution of the
ab initio calculated spin density of 6-HECPyNN from the
molecule to the crystal via a calculation including two molecules
connected through this hydrogen bond.

Two Molecules Connected via the Hydrogen Bond
H16---O1. These calculations were done using the DFT method
(program DGAUSS). The spin populations of O1, N2, C8, N3,
02, and H16 atoms, involved in the hydrogen bond, are
presented in Table 5. The experimental values, scaledusg 1
molecule, and the corresponding spin populations calculated for
an isolated molecule are also presented in Table 5 for com-
parison. Note that the depletion of Ol spin population is
emphasized with respect to the isolated molecule. Moreover, a
positive spin population appears on the hydrogen atom H16.
Both the depletion of O1 and the sign of the spin density found
on H16 agree with the experimental results. The calculated
values, however, are lower than those determined by the
experiment.

Crystal. These calculations were performed using the DFT
method as implemented in the program DM&T.able 5 shows
the results of DMOL calculations for O1, N2, C8, N3, 02, and
H16 atoms of compound, as an isolated molecule and in its
crystal environment. The experimental spin populations, scaled
to 1 us/molecule, are also shown. As determined above,
compared with the isolated molecule, both the depletion of O1
spin population and the positive spin density on the ethynylic
hydrogen H16 are obtained. Again, the calculated effects are
smaller than those found experimentally.

Discussion

In a first approach, and from a purely phenomenological point
of view, a full magnetostructural correlation can be set up by
comparing the magnetic properties of the isostructural com-

0.203. 0.242P0oundsl and 2. In the paramagnetic region both compounds

exhibit ferromagnetic interactions that should be ascribed to the
common feature found in their respective crystal packings, that
is, the presence of €C—H---O hydrogen-bonded chains
running along the [@1] direction. The disparity of behaviors
observed at very low temperaturdsqrders antiferromagneti-
cally atTy = 0.54 K, whereag is a ferromagnet afc = 0.19

K) is consequently correlated to the difference between these
two compounds, namely, the absence of O2 in radicdl is

then probable that contacts mediated by O2 could have an
impact on the antiferromagnetic ordering observed in the NN

experimental spin density map. Nevertheless it is appropriate
to remember that the analysis of the magnetic susceptibility of

(43) DMOL, Biosym Technologies Inc., 9686 Scranton Rd., San Diego,



Transmission of Ferromagnetic Interactions J. Am. Chem. Soc., Vol. 122, No. 7, 2800

both compounds is indicative of very weak interchain coupling, O1 than on O2. We can then consider that the disymmetry of
so that the magnetic order in these systems could also be driverthe pyridine cycle is responsible for a lack of balance of 0.03
by dipolar interactions. An estimate for the dipolar magnetic to 0.04 in favor of O2, that is, half of the difference of 0.075-
spin—spin interaction may be obtained from the expression (12) experimentally observed. It is then natural to think that
g2us®R 3, R being the distance between the two interacting the second half of this difference is the result of the intermo-
radicals. TakingR = 5.09 A, the shortest intermolecularNO lecular magnetic interactions that propagate along the chain and
distance, gives an interaction energy of approximately 0.02 K deplete the O1 spin population. This assertion is confirmed by
for compound2, which is of the same order of magnitude that the examination of Table 5, which compares the spin populations
the interchain coupling derived from the magnetic susceptibility for an isolated 6-HECPyNN molecule with those calculated
measurements. This approximation gives only an absolute valuefor several molecules in interaction. Table 5 proposes a
of the dipolar coupling and precludes any estimation of its sign. difference of 0.027 for a calculation involving two molecules
Furthermore, dipolar interactions are more diffuse than exchangeand yields a difference of 0.035 for the interaction when the
coupling and this makes it difficult to correlate the long-range molecule is inserted in the crystal. These values fit quite well
order to the microscopic structural features. the part of the experimental depletion attributed to the magnetic
An additional proof of the role played by thesC—H---O interactions. Such a spin depletion on an oxygen atom, resulting
hydrogen bond in the transmission of magnetic interactions is from magnetic interactions, has already been found in other
given by the study of the magnetic properties of compo8nd  compounds. This was the case of TEMPOL, where the magnetic
in which the H atom intervening in the formation of the interaction was mediated through a hydrogen b#fnéin even
hydrogen-bonded chains afhas been selectively replaced by more dramatic example was met in a copper NN confflex
deuterium. It seems clear, when comparing the ordering where a strong interaction with the Cu atom practically canceled
temperatures and tikevalues forl and3, that the ferromagnetic ~ the spin density on the bonded nitroxyl oxygen.
interaction along the chain is bigger for the deuterated com-  Along with the depletion on the O1 oxygen, a positive spin
pound. This would mean that thesC—D---O bond in3 is population of 0.045(10) was found on the connected hydrogen
stronger than the €C—H---O bond in1. This is confirmed by (H16). The ab initio calculations (Table 5) show that a spin
the fact that the shiftA7) observed between the=&C stretching population appears on H16 when the molecules are in interac-
vibrations of the compounds in the solid state and in dilute tion. This spin density clearly results from a delocalization of
solution is bigger for the deuterated compouid & 30 cnt?) the density on the oxygen atom due to the magnetic interactions.
than for its nondeuterated analoguer(= 15 cnT?). In some However, and even if the calculations are able to reproduce the
cases, deuterium bonds are stronger than hydrogen bonds. Foexperimental depletion of the spin population in O1, the
instance, it has been shown that water dimers in the gas phasealculated spin density on H16 is smaller than the experimental

have a HO-D,O structure, this being around 60 ctnmore value by one order of magnitude. This illustrates the main
stable than the ED-H,O form24 weakness of the DFT calculations, which are unable to figure
Thus, the study of the magnetic properties of compounre3 out properly the spin density induced by the magnetic interac-

suggests that €C—H:+-O bonds may be responsible for the tions on the neighboring molecufé.
propagation of ferromagnetic interactions along one-dimensional To summarize, these results strongly support our description
chains. Further insight into this assumption is given by the of compoundsl and2 as hydrogen-bonded chains of radicals.
measurement of the spin density map for compolirehd the The analysis of the magnetic susceptibility versus temperature
results of ab initio spin density calculations. curves in terms of a one-dimensional model suggests that the
Compared to the spin density found on other NN molecules coupling between adjacent molecular units is ferromagnetic. A
with no intermolecular magnetic interactioffthe spin density possible explanation for the sign of this magnetic interaction
measured on radicdl shows striking differences that may be can be given by considering the SOMO and LUMO orbitals
related to the chain structure of the compound, namely (a) thefor both molecules (Figure 15). Note that the LUMO is
significant and positive density on the hydrogen atom (H16) distributed throughout the pyridine ring with a large contribution
involved in the formation of the hydrogen bond and (b) the in the ethynyl fragment. The main role of the Hi®1
depletion of density on the oxygen atom O1 of the next molecule hydrogen bond is then to promote an overlap between SOMO
to which H16 is bound. We shall now examine carefully, with and LUMO orbitals belonging to proximate molecules while
the help of the different ab initio calculations reported above, avoiding intermolecular SOMGSOMO contacts, as postulated
whether these particular features are indicative of the ferro- for other hydrogen-bonded open-shell systéfiEhe result is
magnetic interactions that propagate along the chains. the appearance of a net ferromagnetic interaction, according to
The normalized spin density found on O1 is 0.203(10), McConnell's Il mechanism.
significantly less than the 0.278(7) found on O2. The DFT
calculation on the isolated molecule, besides the fact alreadyConclusion
evidenceéP that the calculated density is less on the N atoms
than on the O atoms of the NN radical, yields 0.270 on O1 and
0.312 on O2 (Table 1). This breaking of symmetry, observed
for a single molecule of compouridisolated from the chain,
is internal and comes either from the relative position of the
ethynyl group &C—H or from the presence of the nitrogen
atom N1 in the pyridine cycle. Table 2 shows that attaching ~ (45) Bordeaux, D.; Boucherle, J. X.; Delley, B.; Gillon, B.; Ressouche,
the ethynyl group to C2 instead of C1 practically does not E.; Schweizer, JZ. Naturforsch. A: Phys. Sc1993 48a 117.

i i iti (46) Ressouche, E.; Boucherle, J. X.; Gillon, B.; Rey, P.; Schweizer, J.
modify the spin densities calculated on O1 and O2. On the 3. Am, Chem. S0d993 115 3610

opposite, inverting atoms N1 and C4 in the pyridine cycle ™ 47) yamanaka, S.; Kawakami, T.; Nagao, H.; YamaguchiCkiem.
reverses the balance and the spin density becomes larger omhys. Lett.1994 231, 25.

(48) Hernandez, E.; Mas, M.; Molins, E.; Rovira, C.; Vecian#riigew.
(44) Engdahl, A.; Nelander, Bl. Chem. Phys1987, 86, 1819. Chem., Int. Ed. Engl1993 32, 882.

Purely organic ferromagnets are structurally isotropic and
exhibit very weak interactions. These two facts make the
correlations between their structures and their magnetic proper-
ties a delicate task. We thought that a rational strategy that would
permit us to solve this problem would be the study of the
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SOMO (a) LUMO (b)

SOMO (c) LUMO (d)

Figure 15. Representation of SOMO and LUMO orbitals for compoun@@) and (b) respectively and for compoudc) and (d), respectively.

magnetic properties of very similar isostructural compounds. expected to crystallize in the same type of structure, providing
Our approach is based on a comparison between a NN radicalthat their packing is determined by only one type of hydrogen
(2) and its IN analogue?). Chemically, both compounds only  bond. In the first part of the paper a comparative analysis of
differ by the presence of the O2 oxygen atomlinThey are the structures and magnetic properties of radidadsd 2 has
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been presented. It has been shown that the isostructuralitythe past, it is now recognized that-Ei---O hydrogen bonds

between these two compounds is a valuable tool for the play a major role in the formation of molecular solt#sThis

determination of the exchange pathways corresponding to thecontribution provides further evidence into this and shows the

dominant ferromagnetic interactions. The key role played by importance of GH---O contacts for the transmission of

the hydrogen bonds in the transmission of ferromagnetic magnetic interactions.

interactions along the chains has been confirmed with the study
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Although their existence has been a matter of controversy in  (49) Desiraju, GAcc. Chem. Re<.991, 24, 290.




